The axon initial segment (AIS) is located at the proximal axon and is the site of action potential initiation. This reflects the high density of ion channels found at the AIS. Adaptive changes to the location and length of the AIS can fine-tune the excitability of neurons and modulate plasticity in response to activity. The AIS plays an important role in maintaining neuronal polarity by regulating the trafficking and distribution of proteins that function in somatodendritic or axonal compartments of the neuron. In this review, we provide an overview of the AIS cytoarchitecture, mechanism of assembly, and recent studies revealing mechanisms of differential transport at the AIS that maintain axon and dendrite identities. We further discuss how genetic mutations in AIS components (i.e., ankyrins, ion channels, and spectrins) and injuries may cause neurological disorders.
Introduction
Neurons receive synaptic inputs that converge on their dendrites and cell bodies. The summation of synaptic inputs gives rise to action potentials at the axon initial segment (AIS), a 20-60 m long domain located at the proximal axon/soma interface that has a high density of voltage-gated ion channels, membrane proteins, and a unique repertoire of submembranous cytoskeletal scaffolds (Fig. 1) . Although the AIS was originally defined ultrastructurally by fasciculated microtubules and an electron-dense undercoat beneath the plasma membrane, 1 it is now defined molecularly by the master scaffolding protein ankyrinG (ankG) and the voltage-gated ion channels clustered by ankG. After action potentials are generated, they propagate along axons to synaptic terminals where they release neurotransmitters across the synaptic cleft to the next neuron or cell in the circuit. Axons may be myelinated by glial cells: oligodendrocytes in the central nervous system (CNS) and Schwann cells in the peripheral nervous system (PNS). In myelinated axons, action potentials are regenerated at the nodes of Ranvier. Nodes are small gaps in the myelin sheath where Na + channels are clustered in high density (Fig. 1 ).
The directionality of action potential propagation in the nervous system relies on the highly polarized compartments of neurons and the distribution and composition of ion channels within these compartments. In addition, the strategic location of the AIS at the proximal axon also confers physical and functional polarity on the distinct domains since the AIS acts as a gate between somatodendritic and axonal compartments. Thus, in addition to its role regulating action potential initiation, the AIS also functions to maintain axon-dendrite polarity. 2, 3 Although the molecular details for how ion channels are clustered at the AIS are mostly known, how the AIS restricts proteins to distinct compartments or how it excludes vesicles containing somatodendritic cargoes remains less understood. Varying lines of evidence supported both passive and active mechanisms that restrict the entrance of proteins/vesicles into the axon. In addition, recent work has revealed new details regarding retention and trafficking mechanisms. Here, we briefly review the molecular composition and assembly of the AIS and focus on its role in maintenance of neuronal polarity and its function as a major regulator of vesicle trafficking. Finally, we consider how injuries and mutations in AIS-related genes can impact AIS structure and function. 
AnkyrinG: the master regulator of AIS assembly
The submembranous scaffold protein ankG is the master organizer of the AIS and controls both ion channel clustering and maintenance of neuronal polarity. In mammals, there are three ankyrin genes: Ank1 (ankyrinR; ankR), Ank2 (ankyrinB; ankB), and Ank3 (ankG). 4 The structures and functions of the ankyrins are similar but they have different subcellular distributions. AnkR was first discovered in erythrocytes and is also expressed in muscles and neurons. AnkB and ankG are found in a variety of tissues including brain, heart, muscle and epithelial cells. Ankyrins produce multiple splice variants in various cell types and these variants have different functions. 5 In neurons, 270 and 480 kDa ankG are the major isoforms specifically localized at the AIS and nodes of Ranvier 6, 7 (Fig. 1B) . Shortly after axon specification, ankG begins to cluster at the proximal axon and then recruits AIS components. 8, 9 Most AIS constituents interact with ankG directly or indirectly. Na + channels fail to cluster at the AIS and all the other AIS proteins lose their subcellular polarity after ankG expression is silenced by shRNA or ablated genetically. These results show that the clustering of all AIS components depends on ankG, [10] [11] [12] whereas loss of NF186, NrCAM, Na + channels, or ␤IV spectrin may affect the stability of other neuronal AIS proteins rather than their initial clustering. 13 One notable exception to this is the NF186-dependent recruitment and clustering of the brevican-based AIS extracellular matrix (ECM) which may function to further stabilize AIS proteins or synapses converging on the AIS. 10 In addition to ankG's role as a master regulator of AIS protein clustering, upon loss of ankG, somatodendritic proteins can invade the former axon. Furthermore, with somatodendritic proteins in the axon, the axon begins to acquire the morphological and molecular characteristics of dendrites including spine-like protrusions and postsynaptic densities. 2, 3 These results suggest that ankG is required to maintain neuronal polarity and more will be said about this function of the AIS later.
AnkG interacting proteins
A defining feature of the AIS plasma membrane is the high density of voltage-gated ion channels, including Na + channels, K + channels, and Ca 2+ channels (Fig. 1B) . The accumulation of voltagegated Na + channels (estimates range from about 5-to 50-fold higher at the AIS than in the distal axons or dendrites) lowers the threshold membrane potential required for action potential initiation. 14 
Mammalian Na
+ channels consist of a pore-forming ␣ subunit and accessory ␤ subunits. The ␣ subunit has a pseudotetrameric structure with domains (I-IV) consisting of six membrane-spanning segments. The cytoplasmic loop between the second and third subunits contains the AIS-targeting motif responsible for interacting with ankG. 15, 16 In addition, the clustering of Na + channels at the AIS and nodes of Ranvier can be regulated by protein kinase casein kinase 2 (CK2). Bréchet et al. 17 discovered that CK2 is enriched at the AIS and nodes of Ranvier both in vitro in cultured hippocampal neurons and in vivo. The serine residues (S1112, S1123, S1124, and S1126) were identified as the CK2 phosphorylation sites in the ankyrin binding domain and their phosphorylation increases the affinity of ankG for Na + channels. CK2 inhibition reduces the density of Na + channels at the AIS.
The major subtypes of Na + channels at the AIS are Nav 1.1, Nav 1.2, and Nav 1.6. 18, 19 The differential expression and the asymmetric subcellular distribution of different Nav subtypes depend on neuron types and developmental stage. For example, during early development, Nav1.2 channels are initially found at the AIS. Later, Nav1.6 channels appear in more mature neurons. 18 Moreover, highthreshold Nav1.2 channels are preferentially located at the proximal AIS of cortical neurons, while lowthreshold Nav1.6 channels are found in the distal part of the AIS. 20 This polarized distribution may reflect discrete functions of Na + channel subtypes for action potential generation and backpropagation.
Besides Na + channels, K + channels at the AIS are also important to modulate the action potential. Kv7.2 and Kv7.3 (KCNQ2/3) channels can form homomeric or heteromeric complexes and accumulate at the AIS by interacting with ankG. 21 The K + channels Kv1.1 and Kv1.2 are also clustered at the AIS but do not bind to ankG. 22, 23 Instead, these channels may be clustered at the distal part of the AIS through binding to the scaffold protein postsynaptic density-93 (PSD93). 22 However, the mechanisms for Kv1 channel clustering remain poorly understood since acute shRNA knockdown of PSD93 in vitro blocks Kv1 channel clustering, but PSD93 knockout mice still have Kv1 channels located at their AIS, suggesting that there may be other, redundant mechanisms for Kv1 channel clustering in vivo. 24 
Ca
2+ channels have also been reported at the AIS, 25 and these may be modulated by dopaminergic signaling. 26 However, in contrast to the AIS Na + and K + channels, little is known about their molecular mechanisms of localization since the presence of these AIS channels has been inferred from electrophysiological studies rather than more direct immunolabeling approaches.
In addition to ion channels, several cell adhesion molecules (CAMs) are also located at the AIS (Fig. 1B) . For example, L1 CAMs are members of the immunoglobulin superfamily that contain: immunoglobulin and fibronectin repeats in their extracellular domain, a single transmembrane domain, and a cytoplasmic domain that binds to ankG through a highly conserved FIGQY motif. Phosphorylation of the tyrosine (Y) in the FIGQY motif inhibits the interaction of L1 CAMs with ankG. 27, 28 In Purkinje neurons of the cerebellum, NF186 gradients have been proposed to direct GABAergic innervation of the AIS by basket cells. In NF186-deficient mice, these AIS pinceau synapses are reduced and mis-targeted. 29 NF186 also recruits ECM molecules to the AIS, including aggrecan, brevican, versican, and tenascin R, and thereby functions as a link between the AIS submembrane cytoskeleton and the ECM. 10, [30] [31] [32] Although many interactions among ECM components have been described, the functions are still poorly understood. Other potential roles for these ECMs include shaping synaptic plasticity through confining membrane surface receptors or molecules to distinct membrane domains. 33 Other AIS CAMs include a disintegrin and metalloproteinase domain-containing protein 22 (ADAM22), contactin-associated proteinlike 2 (Caspr2), and transient axonal glycoprotein-1 (Tag-1). These proteins are also clustered at the distal AIS through direct or indirect interaction with PSD-93.
24 ADAM22 is a receptor for the secreted leucine-rich glioma inactivated (LGI) proteins that may also be part of the ECM proteins. 34 However, it is not known if LGI proteins are also found at the AIS of some neurons and the extracellular binding partners and functions of most AIS CAMs remain poorly understood.
A submembranous cytoskeletal network consisting of the proteins ankG and ␤IV spectrin resides immediately underneath the AIS plasma membrane (Figs. 1B and 2A) . Nearly, all AIS components are recruited by and depend on direct or indirect interactions with ankG. AnkG is thought to be stabilized at the AIS through binding to the spectrin repeat 14-15 of ␤IV spectrin. 35 ␤IV spectrin further interacts with the actin cytoskeleton at the inner shaft of the AIS. AIS ␤IV spectrin has two splice variants ( 1 and 6); the longest isoform, ␤IV 1, is proposed to bind to the actin cytoskeleton via an actin-binding domain at the N terminus, while the shorter truncated form (␤IV 6) comprises only the C terminal half of the protein beginning with spectrin repeat 10. 36, 37 Because both isoforms include spectrin repeat 14-15, they both bind ankG and are located at the AIS. However, only the 1 splice variant harbors the canonical actin binding domain. Nevertheless, recent studies show that ␤IV 1 is most abundant during development, whereas ␤IV 6 becomes the major splice variant after neurons mature. 38 If and how ␤IV 6 interacts with actin remains unknown.
New super resolution microscopy techniques have provided new insights into the structure of this AIS cytoskeleton. For example, Stochastic Optical Reconstruction Microscopy (STORM) revealed that the actin/spectrin/ankyrin-based cytoskeleton forms a periodic structure with actin filaments organized in rings spaced 190 nm apart. These rings are connected by spectrin tetramers. [39] [40] [41] It is interesting to note that Yoshimura et al. 38 found that the distance between the periodic rings remains unchanged even though the shorter ␤IV 6 splice variant is incorporated into the pre-existing structure. STORM imaging in ␤IV 1-deficient mice might lend additional insights into how ␤IV 6 can participate in the AIS cytoskeleton.
Spectrin cytoskeletons are composed of two ␣ and two ␤ subunits to form heterotetramers. 42 ␤I, ␤II, ␤III, and ␤IV spectrin all participate in the assembly of spectrin cytoskeletons in the brain, but the only ␣ spectrin found in brain is ␣II spectrin. 43 Immunoprecipitation experiments from mouse brain homogenate suggested that ␣II spectrin interacts with both isoforms of ␤IV spectrin. 44 However, direct evidence showing that ␣II spectrin is located at the AIS has remained elusive. We recently showed that ␣II and ␤IV spectrin interact and form a periodic cytoskeleton at the AIS 45 and at nodes of Ranvier. 46 The importance of ␣II spectrin is emphasized by the observation that ␣II spectrindeficient mice and zebrafish are embryonic and larval lethal, respectively, due to cardiac and nervous system malformations. 47, 48 Galiano et al. 9 reported that the spectrin cytoskeleton participates in AIS assembly by establishing an intra-axonal boundary. Using CNS ␣II spectrin conditional knockout (cko) mice, we also showed that loss of ␣II spectrin results in a fragmented AIS. 45 Thus, ␣II spectrin may have multiple roles in AIS structure and function depending on the ␤ spectrin with which it is partnered.
Axonal microtubules are arranged in parallel and point their plus-ends toward the growth cone, while microtubules in dendrites have a mixed orientation. 49 One distinctive feature of the AIS is that microtubules are fasciculated and crosslinked to one another, while at distal axons or dendrites they are evenly spaced or loosely bundled. 1 Mice lacking ankG are deficient in fasciculated microtubules, emphasizing their dependence on the AIS submembranous cytoskeleton. 3 How are 85 fasciculated microtubules linked to the ankyrin/ spectrin cytoskeleton, and what are the molecular mechanisms responsible for this distinctive feature of AIS microtubules? As described above, ankG binds to the actin cytoskeleton via ␤IV spectrin. STORM imaging revealed that ankG extends its C terminus ß26 nm below the submembranous cytoskeleton and into the AIS cytoplasm. 41 There, it binds to microtubules via the microtubule plus-end-binding proteins EB1 and EB3. 50 This link between ankG and EB proteins may stabilize microtubules and facilitate axonal trafficking. In addition, the extension and interaction of the ankG C terminal tail to microtubules and EB proteins may provide a partial mechanism for an ankG-dependent cytoplasmic filter. 51 The microtubule-associated protein called tripartite motif containing (TRIM) protein 46 was recently shown to be uniquely enriched at the proximal AIS 52 (Figs. 1B and 2A). Even though TRIM46 partially overlaps with ankG, it does not interact with ankG. However, TRIM46 interacts with microtubules and is both necessary and sufficient for fasciculation. MAP2 was also proposed to play important roles at the AIS to help regulate protein trafficking. Although in cortical and hippocampal neurons MAP2 is mainly a somatodendritic protein, in dorsal root ganglion (DRG) sensory neurons it is found both in the soma and the proximal axon where it selectively controls vesicle entry via KIF1 and KIF5. 53 As described above, STORM imaging revealed that AIS actin is arranged as rings lining the inner cytoplasmic face of the axonal membrane. However, actin can also form highly dynamic patches oriented with the plus ends facing toward the cell body. These patches are proposed to function as "checkpoints" for vesicles to enter the distal axon or reverse direction and be sorted back to the somatodendritic domain. 54, 55 However, these conclusions are controversial since Jones et al. 56 did not find any polarized actin patches or actin meshwork at the AIS using platinum replica electron microscopy. Instead, they found the actin cytoskeleton at the AIS mainly consists of sparse short, stable filaments and longer dynamic filaments with mixed orientation. More recently, highly dynamic AIS actin patches were shown to be present at the proximal axons of newly differentiated and mature neurons. 54 Furthermore, live imaging revealed that vesicles containing dendritic cargoes halted and reversed direction at the actin patches, while vesicles containing axonal cargoes bypassed the patches. These results support a model where actin patches help regulate differential trafficking of somatodendritic and axonal cargoes. Exactly how this happens, which myosins participate in the process, and whether this is but one of many trafficking mechanisms the AIS uses to regulate protein distribution in the cell remain to be determined.
Ankyrin and spectrin cytoskeletons form an intra-axonal boundary
How is ankG restricted to the AIS during development? Since nodes of Ranvier share a molecular organization similar to the AIS, aspects of node assembly might apply to AIS assembly. The key insight came from the observation that the cytoskeletal proteins ␣II spectrin, ␤II spectrin, and ankB are located at paranodes flanking nodes of Ranvier. 57 Remarkably, while ankG and ␤IV spectrin are found at the AIS, ankB and ␤II spectrin are found in the distal axon. 9 Furthermore, ␣II spectrin is found at both the AIS and in the distal axon, where it interacts with ␤IV spectrin and ␤II spectrin, respectively. 45 Since paranodes can function as a mechanism for nodal ion channel clustering, 58 we considered whether the distal axon cytoskeleton might also function as a mechanism for clustering of ankG/␤IV spectrin at the AIS. To determine the relationship between assembly of the distal axonal ankB/␣II/␤II spectrin cytoskeketon and ankG clustering, Galiano et al. 9 immunostained cultured hippocampal neurons at different developmental stages. Upon axon specification, a complex of ankB/␣II/␤II spectrin was transported to the growth cone via KIF3/KAP3. The ankB/␣II/␤II spectrin-based cytoskeleton was then observed to assemble from the distal tip of the axon toward the proximal axon; at this stage, ankG/␤IV spectrin was not detected. Finally, when ankG was detected at the AIS, ankB was exclusively located in the distal axon; ankB immunostaining was clearly reduced in the proximal axon with a "boundary" between the two ankyrins and their spectrin binding partners. These results suggested that ankB/␣II/␤II spectrin-based cytoskeleton may function as an intra-axonal barrier that restricts ankG/␤IV spectrin to the proximal axon. The existence of intra-axonal boundaries had previously been observed in drosophila axons. 59 To directly test the hypothesis, Galiano et al. 9 manipulated the intra-axonal boundary by overexpressing ankG or the distal cytoskeleton components. Overexpressing distal axon components shortened the AIS, while overexpressing ankG lengthened the AIS and moved the distal boundary. Moreover, when ankB, ␣II spectrin, or ␤II spectrin expression was silenced by shRNA in hippocampal neurons, AIS proteins and small clusters of ankG were found throughout the distal axon. Finally, the knockout of ␣II or ␤II spectrin also caused AIS to be fragmented and dispersed along the axons in the cerebral cortex. 9, 45 These results strongly support the notion of an intra-axonal boundary that limits the location of ankG in the axon.
AIS as the action potential initiation site
The physiological role of the AIS has been thoroughly discussed in several excellent recent reviews. [60] [61] [62] Here, we will only give a brief overview. In the 1950s, while the structural and molecular composition of the AIS were almost completely unknown, the initial segment or axon hillock was proposed to be the site of action potential initiation based on intracellular recordings. [63] [64] [65] The AIS has lower action potential threshold compared to the somatodendritic domain as its featured electrical property. 66 Consistent with this observation, an enrichment of Na + channels at the AIS was first revealed by autoradiography using the Na + channel-binding 125 I-scorpion toxin. 67 Since that time, many studies have identified the AIS as the site of action potential initiation in diverse types of CNS neurons. 14, 68, 69 Using quantitative freeze-fracture electron microscopy immunogold labeling, Lorincz and Nusser 70 confirmed that the density of Nav1.6 Na + channels at the AIS and nodes of Ranvier is about 40-fold higher than the soma in hippocampal neurons. Paradoxically, physiological studies by patch clamp suggested that the Na + channel density at the AIS is no different than at the cell body or dendrites. 71, 72 Similarly, using high-resolution Na + imaging, Fleidervish et al. 73 concluded that functional Na + channel density is only threefold higher at the AIS than in the soma. The apparent discrepancy between these studies likely results from the different methodologies used to measure Na + channel densities. Thus, there is a conflict between results obtained through direct imaging of the channels themselves, as compared to physiological methods that measure Na + currents and physiological properties. Kole et al. 14 mostly resolved this controversy when they demonstrated that by disrupting the actin cytoskeleton, it was possible to record a greater Na + current by patch clamp recording, and this current could be blocked by an actin stabilizer. Together, these results strongly supported a model where the tight coupling of channels to the actin cytoskeleton (presumably through ankG and ␤IV spectrin) causes Na + channels to remain tethered to the cytoskeleton rather than in the membrane when drawn into the tip of the recording pipette. While a high density of Na + channels is required to facilitate action potential generation, Na + channel gating kinetics may also contribute to the low action potential threshold at the AIS. 20, 71, 73 The differences in intrinsic excitability of various neuron types can be attributed to the different locations, densities, and types of Na + and K + channels.
AIS plasticity in response to activity
As the gatekeeper for action potential initiation, the AIS is perfectly positioned to modulate the excitability of the neuron. However, different types of neurons may have distinct AIS locations, lengths, and ion channels that tune the properties of each cell. 23, 74, 75 Recent studies revealed that the anatomical properties of the AIS (i.e., length, position along the axon, etc.) can be dynamic and plastic in response to normal developmental activity or pathological activity. For example, during the critical period of visual system development, the AIS of cortical neurons undergoes dynamic changes in length. 76 However, visual deprivation prevents these changes. Several studies suggest that AIS length or location may change to control the excitability of a cell in response to changes in activity. For example, when deprived of their inputs, the AIS of avian nucleus magnocellularis neurons elongates and shifts closer to the soma. 77 Physiological recordings show that the input deprived cells become more excitable, indicating that neurons adapt to the presynaptic activity by changing AIS properties to regulate neuronal excitability and to homeostatically maintain the output of the circuit. Consistent with the idea that activity can regulate the structural properties of the AIS, Grubb and Burrone 78 demonstrated that chronic depolarization of neurons shifted the AIS distally away from the soma, thereby reducing excitability (higher threshold for action potential initiation). Together, these results provided the first evidence that synaptic input can shape neuronal excitability and fine-tune neuronal networks by altering AIS location and size.
Differences in AIS ion channel expression and subcellular distribution may also contribute to the distinct neuronal excitability among cell types. 23 For example, during development, AIS Na + channels undergo a subtype switch and may alter the firing properties of the neuron. In retinal ganglion cells, Nav1.2 channels are the major Na + channel subtype at the AIS during early development, while Nav1.6 channels are expressed later and become dominant when the neuron matures.
18 Nav1.2 channels have a higher threshold for firing action potentials compared to Nav1.6 channels, suggesting that these expression changes may impact the firing properties of these cells. 20 Previous studies showed that Nav1.6 expression is decreased and Nav1.2 increased in demyelinated axons. 79, 80 Na + channel isoform expression patterns may underlie the pathophysiology of some diseases or injuries. Whether Na + channel subtypes and/or their subcellular distribution change during plastic alteration of the AIS remains unclear and an area of active study. Finally, little is known about the transcriptional and translational regulation of ion channel expression in pathological conditions.
What mechanisms control the structural changes observed during homeostatic AIS plasticity? It is worth noting that AIS homeostatic plasticity is a very protracted process, occurring over the course of hours or days. 78 The slow change in AIS properties and position along the axon may reflect rearrangement or disassembly of the very stable AIS cytoskeleton. 81 The evidence supports a role for Ca 2+ signaling in this process. 78 Specifically, a Ca 2+ -and calmodulin-activated phosphatase, calcineurin, acts downstream of L-type Ca 2+ channels to regulate AIS plasticity. 82 Phosphorylation of proteins might be another pathway downstream of Ca 2+ signaling. CK2 phosphorylates Na + channels. This increases their affinity for ankG and facilitates Na + channel clustering at the AIS, 17 while cyclin-dependent kinase 5 promotes Kv1 channel targeting to the axonal domain. 83 Calmodulin also regulates Kv7 channel KCNQ2/3 heteromer assembly and its clustering at the AIS. 84 Since AIS relocation involves cytoskeletal protein disassembly and reorganization of AIS components, Ca 2+ -dependent proteolysis by calpain may also be crucial for AIS plasticity, especially in response to injury or disease.
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AIS maintains neuronal polarity
In addition to its function controlling action potential initiation in axons, the AIS also functions as a gatekeeper to separate somatodendritic molecules from entering axonal domains. 86 In recent years, this remarkable function of the AIS has captured the attention of molecular neurobiologists. What mechanisms could exclude somatodendritic proteins from the axon, while permitting axonal molecules to enter? The regulation of polarity occurs at both the level of the plasma membrane and at the level of regulating vesicular transport. It is likely that unique mechanisms exist for each of these functions, but all mechanisms apparently depend on ankG, the master regulator of AIS assembly and function. Loss of ankG from hippocampal neurons causes all major AIS components (i.e., ion channels, cytoskeletal proteins, and CAMs) to disperse. 10 More related to regulation of polarity though, loss of ankG caused somatodendritic proteins (e.g., MAP2, KCC2, and PSD95) to redistribute and enter the former axon, and spine-like structures and postsynaptic densities even develop along the former axon 2 (Fig. 2B) . These observations were corroborated using a cerebellum-specific ankG knockout mouse. In those animals, Purkinje cell axons lacking AIS ankG developed spines enriched with postsynaptic molecules. 3 Using electron microscopy, they found that many of the AIS-specific ultrastructrual features (e.g., an electron-dense undercoat beneath the plasma membrane and the microtubule fascicles) could not be detected. These results emphasize that ankG-dependent AIS integrity is crucial to maintain neuronal polarity in vivo. Instead of maintenance of neuronal polarity, the AIS-specific microtubuleassociated protein TRIM46 contributes to the development of polarity. In cultured hippocampal neurons, TRIM46 was reported in the newly specified axon before the clustering of ankG. 52 Knockdown of TRIM46 in cortical neurons using in utero electroporation of shRNA showed that TRIM46-depleted neurons are unable to migrate properly and fail to properly form axons. Together, these observations show that ankG and TRIM46 play key roles in establishing and maintaining neuronal polarity through their functions at the AIS.
That the AIS functions as a diffusion barrier was first proposed by Kobayashi et al, 87 who reported that fluorescent phospholipids in the axon were unable to enter the somatodendritic compartment in cultured hippocampal neurons. Later, Winckler et al. 88 showed that the membrane proteins L1 and Thy1 have very low lateral mobility at the AIS compared to the distal axon. However, disruption of F-actin allowed these membrane proteins to diffuse freely throughout axonal and somatodendritic domains. These results suggested that the actin cytoskeleton is a key structural component of the AIS and functions to restrict membrane diffusion. The diffusion barrier forms during AIS assembly when various transmembrane proteins accumulate and are tethered to the ankG/␤IV spectrin/actinbased cytoskeleton. 89 Together, these results suggested a "picket fence" model where the high density of transmembrane proteins (pickets) impedes the lateral diffusion of membrane proteins by steric hindrance. Later studies confirmed that the AIS membrane proteins, including ion channels and CAMs, are anchored to ankG and thus immobilized at the AIS. 8, 15, 89, 90 Newly developed imaging techniques also support a role for the AIS in limiting the diffusion of proteins. For example, STORM imaging revealed that axonal actin is organized in periodic rings connected by spectrin tetramers with a ß190 nm spacing between adjacent rings; ankG and ␤IV spectrin are also arranged with the same periodicity. [39] [40] [41] Albrecht et al. 91 used super-resolution and single particle tracking to show that after the AIS forms, GPI-anchored GFP molecules located at the proximal axon begin to show reduced diffusion, while the GPI-GFP can diffuse freely at all times at the distal axon. Remarkably, further analysis of the particle trajectory revealed that the GPIanchored molecules were confined to a ß190 nm long region, consistent with the spacing between adjacent actin rings. The periodic pattern of the restricted GPI-GFP molecules overlapped with the spectrin cytoskeleton and was mutually exclusive from the actin rings. These observations suggested a model where the actin rings function as submembranous diffusion barriers that restrict lateral diffusion of the GPI molecules. 92 However, this alternative "actin fence" model needs additional experimental support since Albrecht et al. 91 observed that GPI molecules were only confined to the AIS, but the periodic actin/spectrin/ankyrinbased cytoskeleton exists throughout the entire axon.
Besides constituting a barrier to limit diffusion of lipids and membrane proteins, Song et al. 51 proposed that AIS actin can also function as a sizeselective sieve to filter intracellular molecules. In support of this idea, they showed that large cytoplasmic molecules are excluded from the axon, but when the actin cytoskeleton was depolymerized these same macromolecules were able to freely pass through the AIS and enter axons. However, a variety of imaging techniques reveal that AIS actin mostly exists as rings lining the plasma membrane or as actin patches. 41, 55, 56 Furthermore, if actin functioned to impede the transit of proteins through the AIS, a reduction in trafficking velocities should be observed in the AIS. However, this is not the case; axonal vesicles traverse the AIS without impediment. 93 Thus, an actin-based filter that functions solely based on size is difficult to reconcile with the available data. Another potential molecular basis for an axonal filter includes ankG itself. The C terminus of ankG extends into the core of the axon shaft where it binds to microtubules via EB1 and EB3. These interactions may constitute a barrier to the transport of cytoplasmic molecules through the AIS. 41, 50 Actin and its associated myosin motors may contribute to differential vesicle trafficking at the AIS through active mechanisms rather than simply functioning as a passive sieve. Since live imaging of the vesicles carrying dendritic cargoes halt or reverse direction when going through the AIS, Al-Bassam et al. 94 proposed that this phenomenon depends on the actin-associated plus-end-directed motor, myosinVa. The interaction between dendritic protein vesicles and myosin Va is sufficient for their somatodendritic localization. 54, 95 Balasanyan et al. 54 suggested that actin patches at the proximal axon form a filter that allows the minus-end-directed myosinVI motor to enter the axon but these same patches block the entry for the plus-end-directed myosin Va motor. The molecular mechanisms that cause these patches to have differential responses to the myosin motors remain unknown. Besides actin, spectrin, and ankyrins, microtubules are also a prominent component of the AIS. Microtubules function as a directed track for long distance anterograde and retrograde vesicle trafficking via microtubule-based motors (i.e., kinesins and dyneins). 96 Most kinesins transport cargos toward the distal tip of the axon, while dyneins carry vesicles back to the soma. Several microtubule-associated proteins have been shown to regulate polarized trafficking at the AIS through their actions on their motors. For example, MAP2 defines a preaxonal region in sensory DRG neurons, where it controls selective cargo entry by preventing KIF5 binding to microtubules. In addition, MAP2 may regulate vesicle distribution by balancing KIF1 and KIF5 motor activities along the axon. 53 However, since sensory neurons have a special pseudo-unipolar morphology (i.e., a central and a peripheral axon, but no dendrites), most lack an AIS. Thus, whether an MAP2-dependent trafficking mechanism is universal for more complex neurons with somatodendritic and axonal domains remains unknown. Nevertheless, depletion of MAP2 in hippocampal neurons results in fewer vesicle entries into the axon, suggesting that MAP2 may also contribute to polarized trafficking in CNS neurons. In contrast to the somatodendritic localization of MAP2, the microtubule-associated protein MAP6 is selectively enriched at the proximal axon of mature neurons. Recent studies indicate that MAP6 stabilizes microtubules and also participates in neuronal polarization, partly by functioning as a cofactor to promote vesicle transport together with KIF5B. 97 Although most research on the mechanisms controlling microtubule-dependent sorting of vesicles has focused on kinesins and anterograde axonal transport through the AIS, the role of dynein in sorting somatodendritic vesicles has been much more enigmatic. A major breakthrough in our understanding of how vesicles may be excluded at the AIS occurred with the discovery that the dynein regulator nuclear distribution element-like 1 (Ndel1) and its binding partner lissencephaly 1 (LIS1) are both found at the AIS after neurons polarize. 98 In a series of elegant experiments, they showed that Ndel1 interacts directly with ankG and dynein, whereas LIS1 only binds to dynein. Furthermore, in an ankGdependent manner, Ndel1 and LIS1 facilitate the reversal of transport for somatodendritic cargos at the AIS, suggesting that Ndel1 functions as a checkpoint at the AIS, to switch the direction of vesicle trafficking and exclude entry into the axon. How Ndel1 recognizes somatodendritic cargos remains an active area of investigation. Microtubules may also regulate retrograde trafficking of cytoplasmic proteins through the AIS. Li et al. 99 observed that the axonal microtubule-binding protein Tau could diffuse freely in an anterograde fashion to the distal axon, but it was restricted to the axon and never passed from the axon back through the AIS to enter the somatodendritic domain. This barrier depends on the phosphorylation of Tau and its binding to microtubules.
Diseases and injuries that affect the AIS
Action potential initiation depends on a high density of voltage-gated Na + channels clustered at the AIS to lower firing threshold. 100 K + and Ca 2+ channels further modulate action potential properties. Many mutations in ion channel subtypes (i.e., Nav1.1, Nav1.2, Nav1.6, Nav ␤ subunit, and KCNQ2/3 K + channels) normally located at the AIS have been discovered and shown to cause epilepsy; indeed, the idea that epilepsy may result from dysregulated AIS ion channels has been discussed elsewhere. 101 Many pathogenic variants of AIS-associated proteins, as well as disruptions or alterations to AIS proteins or AIS structure, have been reported (Table 1) .
In addition to channelopathies, mutations in other AIS proteins also cause neurological disorders. For example, genome-wide association studies implicate ANK3 (gene encoding ankG) as a risk factor gene for bipolar disorder. 102 Reductions in the levels of ankG also result in psychiatric disease-related behaviors in mice. 103 AnkG undergoes extensive alternative splicing, and different splice variants have been proposed to contribute to disease. For example, parvalbumin (PV)-positive GABAergic interneurons express the ankG exon 1b variant, while excitatory principal cells express the exon 1e splice variant. 104 Na + channels fail to cluster at the AIS of PV interneurons in ankG exon 1b-deficient mice, and the mutant mice also have bipolar-like behaviors, epilepsy, and even sudden death. These observations led to the suggestion that bipolar-related phenotypes may result from disrupted inhibitory and excitatory balance. Iqbal et al. 105 reported that some human ANK3 variants, predicted to truncate the 480 kDa splice form, cause intellectual disability. ANK3 has also been associated with other psychiatric disorders including schizophrenia and autism spectrum disorder. 106, 107 Overall, several different neuropsychiatric developmental disorders and epilepsy converge on ANK3, highlighting the importance of the AIS for these diseases.
Mutations in ␣ and ␤ spectrins also cause nervous system dieases. For example, ␤IV spectrin loss-of-function mutant mice (quivering mice) have ataxia and central auditory deafness likely due to aberrant ion channel clustering or maintenance of clusters. [108] [109] [110] Recently, the first pathogenic variant of SPNB4 (the gene encoding human ␤IV spectrin) was reported. 111 Remarkably, the patient had myopathies and auditory neuropathies similar to those seen in the quivering mice. It will be interesting to determine how human and quivering mouse variants of ␤IV spectrin cause nervous system dysfunction, and if the structure and function of AIS and nodes are affected in human ␤IV spectrin lossof-function patients. We recently showed that ␣II spectrin interacts with ␤IV spectrin and is also enriched at the AIS. 45 Pathogenic SPTAN1 (human gene encoding ␣II spectrin) variants cause early infantile epileptic encephalopathy type 5, an infantile epileptic encephalopathy with diffuse hypomyelination, brain atrophy, and developmental retardation. [112] [113] [114] [115] Subsequent studies of these human variants, as well as studies using mice with conditional knockout of ␣II spectrin, all show disruptions in AIS structure and neuronal excitability. 45, 114, 115 Altered AIS structure also appears to be a common feature of many nervous system diseases. For example, in ubiquitin ligase UBE3A gene knockout mice, a model for Angelman syndrome, ankG and Nav1.6 are upregulated and mutant mice have longer AIS. 116 The change in AIS structure may be a homeostatic response since genetic reduction in the levels of Na + /K + -ATPase rescued hippocampal abnormalities in these same mice. 117 AIS structure is also affected in neurodegenerative diseases. For example, Alzheimer's disease (AD) is associated with the aberrant accumulation of ␤-amyloid (A␤) plaques in the cerebral cortex. 118 High levels of A␤ induce seizures in the brain and can cause cognitive decline in AD mouse models. The prevailing models suggest that A␤ disrupts synaptic inputs to cause seizures. However, an association between AD and AIS-related genes has been reported. 119, 120 Thus, AIS may be involved in the pathogenesis of AD. Recently, Marin et al. 121 showed that AIS number and length decrease when in close proximity to A␤ plaques, suggesting that loss or disruption of AIS may contribute to the hyperexcitability and impaired brain function in AD.
Autoimmune diseases may also disrupt the AIS. For example, mice with inflammatory demyelination show profound disruption and even loss of the AIS. 122 Remarkably, AISs were preserved when microglia activity was inhibited. Furthermore, autoantibodies against AIS proteins (e.g., NF186) have been implicated in the pathogenesis of multiple sclerosis, and the passive transfer of antibodies against NF186 is sufficient to dramatically worsen the clinical course of demyelinating diseases. 123 Whether or not these autoantibodies affect the AIS directly remains unknown.
AIS structure is also altered after traumatic and ischemic nervous system injuries. For example, axotomy has been reported at the AIS following mild traumatic brain injury (TBI), 124 while in a blast-induced mild TBI model, the AIS shortened in response to injury with concomitant memory impairment. 125 The AISs of neurons in stroked brain are significantly shorter or are completely lost due to proteolysis of the AIS cytoskeleton by the Ca 2+ -dependendent protease calpain 85, 126 ( Fig. 2C) . These results suggest that one component of any therapy must also include preservation of the AIS cytoskeleton. Consistent with this idea, Schafer et al. 85 showed that calpain inhibitors can preserve the AIS after ischemic injury. Whether this approach will also work for the myriad of other injuries and diseases that affect the AIS remains to be determined.
Conclusion
The AIS is a remarkable structure highly enriched with voltage-gated ion channels and a supporting ankyrin/spectrin-based cytoskeleton. The precise molecular organization of the AIS ensures proper neuronal excitability by regulating action potential generation. The dynamic properties of the AIS fine-tune the excitability of neurons in response to activity, and thereby maintain homeostatic output of a circuit. The AIS also functions as a "gate" to exclude somatodendritic molecules from axons, while allowing cargos with axonal proteins to pass through. Previous models viewed the AIS as a passive filter, but more recent studies suggest that polarized sorting of vesicles is an active process that depends on microtubule and actin-associated proteins. Nevertheless, our understanding of the mechanisms controlling trafficking remains in its infancy. Future studies aimed at determining the mechanisms controlling trafficking of distinct cargos will no doubt yield many new interesting mechanisms. We expect that part of any effort to understand AIS trafficking mechanisms will require the identification of more AIS proteins through proteomic approaches. Finally, another important area requiring additional attention is the consequence of disease and injury for AIS structure and function, and how an altered AIS impacts the course of disease. We speculate that restoring or preserving AIS structure and function will be an important component of any therapy aimed at treating these diseases and injuries.
